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Primordial decays of string theory moduli at z ∼ 1012 naturally generate a dark radiation Cosmic
Axion Background (CAB) with 0.1 - 1 keV energies. This CAB can be detected through axion-
photon conversion in astrophysical magnetic fields to give quasi-thermal excesses in the extreme
ultraviolet and soft X-ray bands. Substantial and observable luminosities may be generated even
for axion-photon couplings ≪ 10−11GeV−1. We propose that axion-photon conversion may explain
the observed excess emission of soft X-rays from galaxy clusters, and may also contribute to the
diffuse unresolved cosmic X-ray background. We list a number of correlated predictions of the
scenario.
The success of the simple ΛCDM model cannot ob-
scure the fact that it will not be the last word in cos-
mology. One natural extension of ΛCDM is to include
an extra, relativistic contribution to the energy density
of the universe. Such dark radiation is conventionally
parametrised as an excess number of neutrino species,
∆Neff = Neff − 3.046. There are indeed observational
hints for such a contribution: including the HST mea-
surement of the Hubble constant [1], the current obser-
vational values from WMAP, ACT, SPT and Planck are
Neff = 3.84 ± 0.40 (WMAP9, [2]), 3.71 ± 0.35 (SPT,
[3]), 3.50 ± 0.42 (ACT, [4]), and 3.62 ± 0.25 (Planck,
[5]). Without combining with H0, the values for Neff
are Neff = 3.55 ± 0.60 (WMAP9), 2.87 ± 0.60 (ACT),
3.50± 0.47 (SPT) and 3.30± 0.27 (Planck).
Dark radiation is a theoretically intriguing extension
to ΛCDM as it is a natural consequence of simple and
appealing models of the early universe. The standard
post-inflationary picture of the early universe involves
the reheating of the Standard Model (SM) from the de-
cays of a scalar field. In addition to its decay modes
to visible sector SM particles, this field may also decay
to (effectively) massless weakly coupled hidden sectors,
such as axions or hidden photons. If these particles are
sufficiently weakly coupled to SM matter, they will not
thermalise and will remain as relativistic dark radiation,
redshifting with the expansion of the universe.
This picture is particularly well motivated within
string theory models of the early universe. As radiation
redshifts as a−4 and matter redshifts as a−3, we expect
reheating to be driven by the last scalar field to decay.
String theory contains many light scalar fields, called
moduli, with gravitational strength couplings. Such
moduli are very long-lived, with life-times
τ ∼ 8piM
2
Pl
m3Φ
, (1)
where MPl = 2.4× 1018 GeV. Moduli generically couple
both to visible SM matter and any hidden axions that
are present [6–8].
As the energy density at decay is V = 3H2decayM
2
Pl
200 400 600 800
1
2
2
4
6
8
EeV
d
F dE
@1
03
cm
-
2
s-
1
eV
-
1 D
#
ax
io
ns
@1
05
7
kp
c-
3
eV
-
1 D
FIG. 1: The present day axion spectrum resulting from the
decay of a modulus of mass mΦ ∼ 10
6 GeV.
with Hdecay ∼ τ−1, the SM reheat temperature is
Treheat ∼ m
3/2
Φ
M
1/2
Pl
∼ 0.6 GeV
( mΦ
106GeV
)3/2
. (2)
Hidden sector decays Φ → aa generate a Cosmic Ax-
ion Background (CAB). As these decays are 2-body
with Ea = mΦ/2, the CAB energies are substantially
greater than the SM reheat temperature, by a factor
(MPl/mΦ)
1/2
.
This ratio is effectively maintained throughout cosmic
history, up to small g
1/3
∗ boosts in the photon tempera-
ture, and therefore also sets the present day axion ener-
gies relative to the CMB. In these expressions the moduli
mass mΦ is unspecified, although the requirement that
reheating occurs before BBN implies mΦ & 30 TeV. The
moduli masses are normally comparable to or slightly
larger than the scale of supersymmetry breaking. If su-
persymmetry is relevant to the hierarchy between the
Planck scale and the weak scale, the lightest modulus
is expected to have mΦ . 10
7GeV and in many models
has mΦ ∼ 106 GeV (cf. [9] for the LARGE volume sce-
nario, and [10, 11] for other work). In [12], we pointed
out that this gives rise to a prediction of a CAB with
O(E) ∼ 200 eV and a homogeneous and isotropic flux of
2106 cm−2 s−1. The (non-thermal) spectral shape of the
CAB arises from modulus decays and — as is shown in
figure 1 — has a ‘quasi-thermal’ shape [12].
This CAB would have freely propagated since z ∼ 1012
(t ∼ 10−6 s), which is a factor of 1019 earlier in time than
the CMB. This would provide a spectacular probe of the
early universe. In this Letter, we search for signatures of
this CAB through a→ γ conversion in astrophysical and
cosmological magnetic fields.
Although subdominant in energy density to either
baryonic matter or the CMB, the energy density asso-
ciated to the CAB is still substantial,
ρCAB = 1.6 · 1060 erg Mpc−3
(
∆Neff
0.57
)
, (3)
and entirely located in the extreme ultraviolet (EUV) and
soft X-ray bands. A galaxy cluster occupies an approxi-
mate volume of 1 Mpc3 and has a typical X-ray luminos-
ity of Lcluster ∼ 1044 erg s−1. This makes it clear that
even a very small a → γ conversion rate will generate a
large signal.
Axion-photon conversion is well known to occur in the
presence of coherent magnetic fields [13, 14]. The axion-
photon Lagrangian is given by,
L = −1
4
FµνF
µν − 1
4M
aFµν F˜
µν
+
1
2
∂µa∂
µa− 1
2
m2aa
2 , (4)
where the couplingM−1 has dimension −1 and gives rise
to oscillations between axions and photons. Here, the
axion field a is a general pseudo Nambu-Goldstone boson
of a broken shift symmetry which need not correspond to
the QCD axion [15].
For this caseM andma are uncorrelated and a is some-
times called an axion-like particle. We will mostly be
interested in ma . 10
−9 eV, where direct bounds are
M & 1011 GeV.
The a → γ conversion probability for an axion in a
coherent magnetic field domain of length L and with
transverse component B⊥ can be computed by elemen-
tary methods [16], and is given by,
P (a→ γ) = sin2(2θ) sin2
(
∆
cos 2θ
)
, (5)
where tan 2θ = 2B⊥ω
Mm2
eff
, ∆ =
m2effL
4ω , m
2
eff = m
2
a − ω2pl,
ωpl is the plasma frequency,
ωpl =
(
4piα
ne
me
)1/2
= 1.2 · 10−12
√
ne
10−3cm−3
eV ,
and ω denotes the photon energy. Though not crucial
for our analysis, we note that in the small-angle approx-
imation θ ≪ 1 and ∆≪ 1, the conversion probability is
simply given by
P (a→ γ) = 1
4
(
B⊥L
M
)2
. (6)
We will apply equations (5) and (6) to obtain signatures
of the CAB. To allow an easy estimation of magnitudes,
we will generally quote results within the small angle ap-
proximation, but for plots we shall use the full expression
in equation (5).
Axion-photon conversion is maximised in regions of
large coherent magnetic fields. Galaxy clusters and the
intracluster medium (ICM) provide such regions. The
existence of magnetic fields in the ICM has been estab-
lished by a number of methods, with typical values of
O(B) ∼ µG, and with larger values observed close to
cluster cooling cores [17]. The coherence lengths of these
fields are not known in detail, but are expected to be in
the range L ∼ 1− 10 kpc.
The CAB axions will convert into photons with ener-
gies O(ω) = 0.1−1 keV, and for very small axion masses
where m2eff = ω
2
pl we find,
θ ≈ B⊥ω
Mm2eff
= 2.8 · 10−5 ×
(
10−3cm−3
ne
)
×
(
B⊥
1 µG
)( ω
200 eV
)(1014 GeV
M
)
. (7)
The small-θ approximation is then almost always justi-
fied. We also have
∆ = 0.27×
( ne
10−3cm−3
)(200 eV
ω
)(
L
1 kpc
)
. (8)
The small-∆ approximation is then only valid for a lim-
ited parameter range.
For illustration, we first work in a parameter regime
where (6) applies. Axions travelling through a 1 kpc
ICM magnetic field convert to photons with probability
P (a→ γ) = 2.3 · 10−10 ×
(
B⊥
1 µG
L
1 kpc
1014 GeV
M
)2
.
(9)
The corresponding conversion rate per axion per second
is 2.3 · 10−21 s−1 ×
(
B⊥
1 µG
1014 GeV
M
)2 (
L
1 kpc
)
.
We now for simplicity assume that the dark radiation
is dominated by a single axion species and compute the
induced luminosity from a → γ conversion. As the ax-
ion flux is homogeneous and isotropic, we average over
the alignment of the axion velocity to the magnetic field,
giving 〈B2⊥〉 = 12B2, where B denotes the magnitude of
the magnetic field. Summing over magnetic domains, the
luminosity from a→ γ conversion is
LMpc3 = 3.6 · 1039 erg Mpc−3s−1 × (10)
×
(
∆Neff
0.57
)(
B√
2 µG
1014 GeV
M
)2(
L
1 kpc
)
,
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FIG. 2: The CAB luminosity from axion conversion with
∆Neff = 0.57, B⊥ = 1 µG and ω = 200 eV. The distri-
bution of L is taken to be uniform in the range of 2− 34 kpc
and is marginalised over.
and lies dominantly in the EUV and soft X-ray bands. In
the small angle approximation, the shape of the result-
ing photon spectrum is identical to the axion spectrum
in figure 1. Beyond this approximation the conversion
probability is dependent on ω, and the resulting photon
spectrum is obtained by weighting the axion spectrum
with equation (5).
Since the launch of EUVE (Extreme Ultraviolet Ex-
plorer), excess EUV and soft X-ray cluster emission
above the hot (T ∼ 5 ÷ 10 keV) intracluster medium
has been observed by all major space telescopes with
soft X-ray sensitivity in a large number of galaxy clus-
ters. As is reviewed in [18], these include EUVE [19],
ROSAT [20], BeppoSAX [21], XMM-Newton [22], Chan-
dra [23, 24] and Suzaku [25].
One particularly well studied cluster is Coma, which
is large, luminous and nearby. The soft X-ray excess has
been well-documented in Coma since the original discov-
ery [19]. It has been established that the soft X-ray excess
is diffuse and extends beyond the region containing the
hot intracluster gas, up to 5 Mpc from the cluster centre
[26]. Based on data in [19], the excess luminosity in the
0.1 − 1 keV range within a central 18 arcminute radius
(corresponding to r ≤ 0.50 Mpc with H0 = 73 km s−1
Mpc−1) of the cluster centre is 1.6 · 1042 erg/s. Within
radii of 1 Mpc, the magnetic field strength in the Coma
cluster has been measured to be around 2 − 5 µG with
coherence lengths ranging from 2 kpc to 34 kpc [27].
Proposed astrophysical explanations of the soft ex-
cess include either thermal emission from a warm T ∼
0.2 keV gas or non-thermal inverse Compton scattering
of relativistic electrons off CMB photons (IC-CMB, e.g.
[28, 29]). The former explanation is problematic for two
reasons. First, a thermal gas should also generate emis-
sion lines (for example from OVII at 560 eV), and no such
lines have been observed. Secondly, such a gas would cool
very rapidly as it requires a large density to maintain
pressure against the intracluster medium.
The ostensible explanation of the soft excess by IC-
CMB is also problematic. By construction, it requires
a large population of relativistic electrons with γ ∼ 300
that scatter off the CMB. As discussed in [30, 31], this
population is constrained by its synchrotron emission in
radio frequencies and its bremmstrahlung emission in
gamma rays.
Most proposed models of IC-CMB assume either a
power-law shape of the electron number density density
from γ ∼ 300 (where it is fixed by the observed soft
excess) to γ ∼ 3000 (where it emits radio-frequency syn-
chrotron radiation), or a power-law with a spectral break
at some intermediate value of γ.
The limits on radio emission from the Coma radio
halo together with improved determinations of the Coma
magnetic field [27] place stringent constraints on the IC-
CMB models: since the synchrotron emission scales as
B2, models which were plausible for magnetic field val-
ues of 0.2÷0.5 µG are immediately excluded for 2÷5 µG
Coma magnetic fields. We note that these improved ob-
servations exclude the vast majority of all models of the
soft excess as arising from IC-CMB.
Any viable IC-CMB model must therefore have a sharp
spectral cutoff between γ ∼ 300 and γ ∼ 3000. This cut-
off may potentially be generated from a single injection
event at some point in the past, followed by subsequent
radiative losses. However, independently of the spectral
shape at large γ, the electrons with γ ∼ 300 (whose num-
ber density, by assumption, is fixed by the magnitude
of the soft excess) must still emit gamma rays through
bremmstrahlung. In [30] this emission was calculated and
found to be well in excess of the FERMI-LAT sensitivity.
As Fermi has not observed any clusters in gamma rays
[32, 33], such IC-CMB models appear to be ruled out.
Thus, recent observations appear to have ruled out
the proposed astrophysical models for the soft excess
in Coma, either through the combination of the com-
paratively large magnetic field and the limits on radio
emission, or through the failure of Fermi-LAT to observe
clusters in gamma rays. While it would be premature
to conclude that no astrophysical model can work, this
motivates consideration of alternative explanations.
From equation (10), we note that in the small angle
approximation, the luminosity from axion-photon con-
version in a cylindrical volume with radius 0.5 Mpc and
length 3 Mpc is given by
L = 1.7 · 1042 erg s−1 × (11)
×
(
∆Neff
0.57
)(
B
2 µG
1013 GeV
M
)2(
L
1 kpc
)
.
In figure 2, we show the total luminosity per Mpc3, where
4we have also marginalised over L. This plot is evaluated
using the full expression eq. (5) and is not restricted to
the small angle approximation.
As the direct constraint on M for light axions is only
M & 1011GeV we conclude that axion-photon conversion
in the Coma ICM may easily give rise to a soft X-ray
excess of the observed order of magnitude.
In addition to reproducing the soft X-ray excess, our
model makes several additional predictions. As the CAB
is uniformly distributed, the produced luminosity is de-
termined only by the magnetic field and the electron
density, and is independent of the cluster temperature
or matter distribution. The model predicts that the soft
excess should be largest in cluster regions with large mag-
netic fields and small electron densities, and its spatial
extent should be coterminous with the magnetic field.
Magnetic field strengths of the order of 0.5 µG have mea-
sured in the ‘bridge’ region of the Coma-Abell 1367 su-
percluster, at a radius of ∼ 1.5 Mpc from the central
region of the Coma cluster [34] . Thus, our model ap-
pears consistent with the large radial extent of the Coma
soft excess emission.
The formula eq. (5) is probabilistic, and could there-
fore fluctuate depending on the details of the actual re-
alisation of the magnetic field (discussed for example in
[35]). This could have a significant effect on observations
of a point source. However for the case of clusters the
effects of such stochastic fluctuation should be softened
when performing an angular average of the soft excess at
a fixed radius from the cluster center.
In this model X-ray photons arise non-thermally from
a→ γ conversion. It is therefore a clear prediction that it
should not be possible to associate any thermal emission
lines (e.g from OVII at 561, 569 and 574 eV) to the soft
excess.
Furthermore, the CAB axions are redshifting, and used
to be more energetic by (1+z) and more dense by (1+z)3.
It is then a prediction that the energy scale of the soft
excess should grow as (1 + z) and, if other aspects of
cluster physics are identical, the overall energy in the
soft excess should grow as (1 + z)4.
In addition to cluster spectra, a → γ conversion in
large-scale cosmological magnetic fields may also con-
tribute to the diffuse unresolved cosmic X-ray back-
ground (CXB) in the same 0.1-1 keV band.
In the 0.5-2 keV region the diffuse CXB is
8.2 · 10−12 erg cm−2 s−1 deg−2, or in total, 3.4 ·
10−7 erg cm−2 s−1. After subtracting Chandra and HST
sources, the diffuse CXB is essentially removed in the 1-
2 keV band but remains present in the 0.5-1 keV band,
suggesting a different and genuinely diffuse origin for the
unresolved CXB below 1 keV [36–38]. In [37] the residual
0.65−1 keV diffuse intensity was given as (1.0±0.2)·10−12
erg cm−2 s−1 deg−2.
Here we compute the a → γ contribution to the CXB
for certain illustrative parameters. We take B⊥ = 1 nG
magnetic fields and L = 10 Mpc scales, although we cau-
tion that the actual magnitude of cosmological magnetic
fields is unknown. For an electron density equal to the
cosmological baryon density nB = 2.5 · 10−7 cm−3, and
meff = ωpl, we find that the a → γ conversion prob-
ability is 2.0 · 10−6 per coherent domain for M = 1013
GeV. As a rough approximation, we assume that these
conditions have held for 1010 years, and we average over
the direction of the magnetic field to obtain the total
conversion probability per axion,
P (a→ γ) = 6.1 · 10−4
(
B√
2 nG
1013GeV
M
)2
.
As the axion flux on earth is 4.1 ·10−4 erg cm−2 s−1, the
axion contribution to the CXB is given by
6.1 · 10−12 erg cm−2 s−1deg−2
(
B√
2 nG
1013GeV
M
)2
,
again showing that even for M ≫ 1011 GeV is it easy
to generate an observationally significant flux provided
cosmological magnetic fields are close to the upper limit
of 1 nG.
To conclude, primordial axions from modulus decay at
z ∼ 1012 are a well motivated scenario of dark radiation
which predicts a present day Cosmic Axion Background
with energies between 0.1 − 1 keV. Conversion of ax-
ions into photons in astrophysical and cosmic magnetic
fields makes the CAB manifest through quasi-thermal
soft X-ray excesses. This mechanism may be responsi-
ble for the soft X-ray excesses observed in galaxy clus-
ters, and can generate a truly diffuse contribution to the
0.1 − 1 keV cosmic soft X-ray background. Assuming
reheating by decays of a Planck-coupled particle, the
detection of a Cosmic Axion Background at a scale Ea
would also imply the existence of a modulus with mass
mΦ ∼
(
TCMB
Ea
)2
MPl.
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